Abstract In recent years, delineation of groundwater productivity zones plays an increasingly important role in sustainable management of groundwater resource throughout the world. In this study, groundwater productivity index of northeastern Wasit Governorate was delineated using probabilistic frequency ratio (FR) and Shannon's entropy models in framework of GIS. Eight factors believed to influence the groundwater occurrence in the study area were selected and used as the input data. These factors were elevation (m), slope angle (degree), geology, soil, aquifer transmissivity (m 2 /d), storativity (dimensionless), distance to river (m), and distance to faults (m). In the first step, borehole location inventory map consisting of 68 boreholes with relatively high yield ([8 l/sec) was prepared. 47 boreholes (70 %) were used as training data and the remaining 21 (30 %) were used for validation. The predictive capability of each model was determined using relative operating characteristic technique. The results of the analysis indicate that the FR model with a success rate of 87.4 % and prediction rate 86.9 % performed slightly better than Shannon's entropy model with success rate of 84.4 % and prediction rate of 82.4 %. The resultant groundwater productivity index was classified into five classes using natural break classification scheme: very low, low, moderate, high, and very high. The high-very high classes for FR and Shannon's entropy models occurred within 30 % (217 km 2 ) and 31 % (220 km 2 ), respectively indicating low productivity conditions of the aquifer system. From final results, both of the models were capable to prospect GWPI with very good results, but FR was better in terms of success and prediction rates. Results of this study could be helpful for better management of groundwater resources in the study area and give planners and decision makers an opportunity to prepare appropriate groundwater investment plans.
Introduction
Water is a precious natural resource without it life is not possible. The demand for water has rapidly increased over the last few years and this has resulted in water scarcity in many parts of the world. Due to the fact that Iraq is an arid country at least in the central and southern parts, this country is heading towards a water crisis mainly due to the improper management of water resources, water policies in neighboring countries (Turkey, Syria, and Islamic Republic of Iran), and the prevalence of drought conditions due to climatic changes. During the last few decades, groundwater levels in main freshest aquifer in Iraq have been falling due to the increase in extraction rates and very bad management scenarios. The rapid increase of population associated with changing lifestyles, especially after 2003, has also increased the domestic, agricultural, and industrial usages of groundwater in entire Iraq, particularly in central and south Iraq, distant from the centers of the cities. The contamination of these aquifers has also added another dimension for the problem for decision maker and politicians (Jabar Al-Saydi, Expert, Head of Groundwater Commission of Groundwater/Basra Branch, personal communication). In the light of these challenges, there is a truly urgent need for reassessment of groundwater resources using modern techniques such as remote sensing, global positioning system (GPS), and geographic information system (GIS). Generally, the conventional approaches for groundwater resources are time consuming, costly, uneconomical and sometimes unsuccessful (Todd and Mays 2005; Jha et al. 2010) . With the advent of powerful computers, advance in GPS and GIS, efficient and powerful techniques for groundwater resources have evolved. These techniques have reassigned the ways to manage natural resources in general and groundwater resources in particular.
The term ''groundwater productivity (potentiality)'' denotes the amount of groundwater available in an area and it is a function of several hydrologic and hydrogeological factors . From a hydrogeological exploration point of view, this term may be defined as the possibility of groundwater occurrence in an area. The methodology proposed in the literature (Chi and Lee 1994; Krishanmurthy and Srinivas 1995; Kamaraju et al. 1995; Krishnamurthy et al. 1996; Sander et al. 1996; Edet et al. 1998; Saraf and Choudhury 1998, Shahid et al. 2000; Jaiswal et al. 2003; Rao and Jugran 2003; Sikdar et al. 2004; Sener et al. 2005; Ravi Shankar and Mohan 2006; Solomon and Quiel 2006; Madrucci et al. 2008; Ganapuram et al. 2009; Suja Rose and Krishnan 2009; Pradeep Kumar et al. 2010; Chowdhury et al. 2010; Jha et al. 2010; Machiwal et al. 2010; Dar et al. 2010; Manap et al. 2011; Khodaei and Nassery 2011; Sahu and Sikdar 2011; Abdalla 2012; Pandey et al. 2013; and Gumma and Pavelic 2013; Al-Abadi and Al-Shamma'a 2014; Rahmati et al. 2014; Chen et al. 2014) to delineate groundwater potential zones of an area is attained through integrating several thematic layers (maps) from different resources such as conventional, geophysical, and remote sensing data to generate groundwater productivity index (GWPI). Usually, the GWPI is computed using the weighted linear combination technique (Malczewski 1999) 
where x i is the normalized weight of the ith class/feature of theme, w j is the normalized weight of the jth theme, m is the total number of themes, and n is the total number of classes in a theme. The multi-criteria decision techniques (MCDM) such as analytical hierarchy process (AHP) or personal judgments based on expert's opinion are often used to assign appropriate weights prior to integrate thematic layers in GIS environment. The AHP provides a flexible, low cost, and easily understood way for analysis complicated problems (Satty 1980) . The drawback of AHP is related to its dependency on the expert's knowledge which is the main source of uncertainty (Chowdary et al. 2013 ).
In few recent years, several authors have attempted to delineate groundwater productivity and springs potentiality using several knowledge-driven and data-driven models. Most of the used techniques have been applied in other fields of earth and environmental sciences such as mineral prospecting, flood susceptibility, and landslides studies. The used models involve probabilistic frequency ratio (Ozdemir 2011a; Oh et al. 2011; Manap et al. 2011; Moghaddam et al. 2013; Pourtaghi and Pourghasemi 2014; Naghibi et al. 2014; Elmahdy and Mohamed 2014) logistic regression (Ozdemir 2011a, b; Pourtaghi and Pourghasemi 2014 ), Shannon's entropy (Naghibi et al. 2014) , weights of evidence (Corsini et al. 2009; Ozdemir 2011b; Lee et al. 2012; Pourtaghi and Pourghasemi 2014; Al-Abadi 2015) , artificial neural networks (Corsini et al. 2009; Lee et al. 2012) , fuzzy logic (Shahid et al. 2014) , and more recently evidential belief function (Nampak et al. 2014) . The idea behind these techniques is to explore the relationship between groundwater (springs/productive boreholes) locations and influential groundwater occurrence factors. The type and number of factors vary from one study to another and their selection is often arbitrary. Often, personal judgment plays an important role in choosing factors and their class attributes. The factors of geology, soil, land use/land cover (LULC), altitude, slope, aspect, curvature, topographic wetting index (TWI), stream power index (SPI), length steepness factor (LS), distance to roads, distance to faults, faults density, distance to river, drainage density, lineaments and lineaments density are often used in the analysis of groundwater springs and aquifer yields potentiality. The availability of data is the main constrain to use factors from one study to another.
The main objective of this study is to demarcate groundwater productivity at northeastern Wasit Governorate, Iraq through using probabilistic frequency ratio and Shannon's entropy models in framework of GIS. The objective of this study is achieved by building a geospatial database and investigates the relationship between productive boreholes locations and many groundwater occurrence factors such as elevation (m), slope angle (degree), geology, soil, aquifer transmissivity (m 2 /d), specific storage (dimensionless), distance to river (m), and distance to faults (m). The results of this study could help in efficient management of groundwater resources in the study area and help workers in water resources in the country to put suitable plans to manage limited groundwater resources incorporating growing challenges facing water sector.
The study area
The study area extends over an area of 707 km 2 and lies between 33°00 0 and 33°14 0 latitude and 45°50 0 and 46°16 0 longitude in the northeastern Wasit Governorate, Iraq (Fig. 1) . It is bounded by Iraqi-Iranian border (Hamrin hills) from the east, wadi Galas from north, and hor AlShiwach from east and south. The main city within the question area is Badrah. The major portion of the study area is flat and featureless. Relief is low with only a few isolated hills rising above the general level of the plain in the east (Parsons 1956) . Three quarters of the study area are plain with a gentle slope and occupy the southwestern parts. The remaining quarter locates in the northeastern part and roughly parallel to the Iranian borders and is characterized by low anticlinal folds with intervening synclinal valleys (Parsons 1956 ). Elevation in the study area ranges from 0 to 318 m with an average of 70 m above sea level, Fig. 2 . The study area is generally hot and dry. It is characterized by absence of rainfall in summer (June-September) with rainy season begins from autumn to spring (October-May). The area receives an average annual rainfall of approximately 212 mm/y with an uneven rainfall distribution between plain and mountain parts. According to the recorded meteorological data in Badra station for the period (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , the monthly maximum, minimum, and average temperatures are 10.4, 37.8, and 24.56°C, respectively. Drainage in the question is almost in a southwesterly direction (Parsons 1956 ). The nature of Fig. 1 Location map of the study area Appl Water Sci (2017) 7:699-716 701 the galals or streams is intermittent and terminates in the temporary marshes on the delta plain. During heavy rainfall periods, the coming flooding water from the Iranian side submerge the flat plain to the west and causing occasional floods. The major stream in the study area is Galal-Badra River. The mean monthly discharge of this river is 2.5 and 1000 m 3 /s in drought and flood periods, respectively (AlShammary 2006). Due to the prolonged drought conditions and intermittent nature of the streams in the study area, most of the farmers depend on the groundwater for their irrigation needs.
From a geological point of view, rocks in the investigated area range in age from Upper Miocene to Recent. In the western portion, the younger rocks are exposed and increasingly become old to the east. Most of the area is covered by rocks of alluvial and lacustrine origin, Pliocene or younger in age. The stratigraphic succession composed from Injana, Mukdadiya formations in addition to the Quaternary deposits. The Quaternary deposits mainly consist of a mixture of gravel, sand, silt and conglomerates of post Pliocene deposits. The distribution of these lithological units is shown in Fig. 3 . A brief description of these units is provided in Table 1 . Approximately 84 % of the study area covers with Quaternary deposits. Tectonically, the platform of the Iraqi territory is divided into two basic units, the stable and unstable shelf (Jassim and Goff 2006) .
The stable shelf is characterized by reduced thickness of the sedimentary cover and by the lack of folding, while the unstable shelf has a thick and folded sedimentary cover. Folds are arranged in narrow long anticlines and broad flat synclines (Al-Sayab et al. 1982) . The greater parts of the study are located in the stable shelf (Mesopotamian plain) and only a small part extends over the unstable shelf close to the Iraqi-Iranian border (folded zone). There are many faults in the study area, the bigger and important one is Shbichia-Najaf fault.
The soil of the study area formed from the processes of weathering, erosion and sedimentation during the Quaternary period. Soils are classified into four hydrologic soil groups (HSG's) to indicate the minimum rate of infiltration for bare soil after prolonged wetting (USDA 1986). The four hydrologic soils groups are A, B, C, and D, where A is generally has the greatest infiltration rate (smallest runoff potential) and D is the smallest infiltration rate (greatest runoff potential). The hydrologic soil group map of the study area is shown in Fig. 4 , in which the major portion of the study area (about *60%) has high infiltration rate (A and B groups).
The aquifer system in the study area consists of two hydrogeological units. The first one represents the shallow unconfined aquifer consisting mainly from layers of sand, gravel with overlapping clay and silt. This hydrogeological unit is located within the Quaternary lithological layers. The second hydrogeological unit is Mukdadiya water bearing layer. The aquifer condition of this unit is confined/ semi-confined. The regional groundwater flow is from northeast to southwest. Depths to groundwater range from 26 to 162 m. The spatial distribution of the groundwater depths in the study area is shown in Fig. 5 , in which the groundwater depths increase towards eastern and northeastern parts corresponding with the elevation increase in the same directions. The hydraulic characteristics of the two hydrogeological units were estimated by Al-Shammary (2006) by means of pumping test. For the unconfined aquifer the hydraulic conductivity, transmissivity, and specific yield were 6.3, 228.43 m 2 /d, and 0.012, respectively. For the confined aquifer the values were 3.5, 81.07 m 2 /d, and 0.0017 for hydraulic conductivity, transmissivity, and storage coefficient, respectively. The spatial distributions of transmissivity and storativity for the whole aquifer system are shown in Figs. 6 and 7. In general, the hydraulic characteristics of the aquifer system are good in the middle and western side of the study area and become poor in the eastern parts.
Data preparation
The methodology presented in the literature for modeling aquifer productivity consists of four steps: (1) describing and partitioning the borehole yield data into two sets, training and validation. The training points are solely used in for calibrating the model (relationship between the influencing factors affecting groundwater occurrence and borehole/springs locations), while testing points are used for validation of the results (validation of the calibrated model) (2) data collection and construction of a spatial database for the influencing factors (3) assessing the productivity zones using the relationship between borehole data and influencing factors by means of data-driven and/or Fig. 3 Geological map of the study area data knowledge models (4) validating the results and if more than one methods used, the analysis also involves comparing the performance of the methods and selecting the best one. A flow chart for clarifying this procedure is presented in Fig. 8 .
Borehole inventory
The groundwater borehole data were obtained from the General Commission of Groundwater/Ministry of Water Resources, Iraq. The data involved locations of the borehole (UTM), borehole discharge, depth of the borehole, type of aquifer, and chemical analysis of groundwater for major ions. In fact, there are 80 wells in the study area.
Only boreholes with high flow rate ([8 l/s) (about 68 boreholes) were used in the rest of the analysis and randomly divided into two sets using MINITAB 16 software. The splitting criteria were 70/30. The training data contained 47 boreholes and testing data contained 21 boreholes.
Generating of thematic layers of influential groundwater productivity
Productivity of an aquifer is governed by many surface and subsurface factors such as geology, geomorphology, land use land cover LULC, soil, topography and related factors, climate, permeability of the water bearing layers, storativity, saturated thickness (Oh et al. 2011) . In this study, eight factors were used in the analysis. These factors were elevation (m), slope angle (degree), geology, soil, transmissivity (m 2 /d), storativity (dimensionless), distance to river (m), and distance to faults (m). All thematic layers were prepared as a raster format comprising of 30 9 30 m cell size. The used project coordinate system was (UTM, WGS 1984, 38 N) . For classification of continuous values of influential raster layers, natural break classification method was used in this study. The natural break classification scheme, also called the Jenks classification method, is a data clustering method designed to determine the best arrangement of values into different classes. The method seeks to reduce the variance within classes and maximize the variance between classes (Jenks 1967) . Selection of this classification scheme is based on literature reviews and author's experience of study area and its condition.
To prepare thematic layers of the topographic factors, i.e. elevation and slope angle, the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) (http://gdem. ersdac.jspacesystems.or.jp/search.jsp) is used. The ASTER-GDEM was developed by the Ministry of Economy of Japan and the United States National Aeronautics and Space Administration (NASA). The spatial resolution of the ASTER-GDEM is approximately 30 m. The raw DEM was reprojected, fill sinks, and clipped for the study area using ArcGIS 10.2 software. Elevation raster was directly created from DEM and was classified into four classes. Slope is a rise or fall of land surface. It is an important factor for groundwater potential mapping studies, because it controls accumulation of water in an area and hence enhances the groundwater recharge. The slope angle map of study area was prepared from DEM and classified into 4 classes, Fig. 9 . It is widely recognized that geology influences the occurrence of groundwater because lithological and structural variations often lead to difference in the strength and permeability of rocks and soils (Ozdemir 2011a) . The thematic raster layer of geology was prepared by converting vector layer of geology to raster layer in ArcGIS 10.2. The same converting procedure was made for HSG soil layer vector. The transmissivity and storativity are very important factors for modeling groundwater productivity because they control the ability of a specific water bearing layer to transmit and store water. The transmissivity and storativity of the aquifer system in the study area were classified into four classes for both factors, respectively. Maps of distance from faults and river were prepared by applying the distance command in spatial analyst extension of ArcGIS 10.2 and then classified into ten classes for both factors, respectively (Figs. 10, 11 ).
Modeling techniques Frequency ratio model
The frequency ratio (FR) is the ratio of the probability of an occurrence to the probability of a non-occurrence for given attributes (Bonham-Carter 1994) . The method explores the statistical correlation between boreholes locations and the influencing groundwater occurrence factors. In practical applications, the FR can be calculated as (Ozdemir 2011b ).
where A is the area of a class for the influencing groundwater factor; B is the total area of the factor; C is the number of pixels in the class area of the factor; D is the number of total pixels in the study area; b is the percentage for area with respect to a class for the factor and a is the percentage for the entire domain. The larger the FR, the stronger the relationship between groundwater production and the given factor's attribute. The groundwater productivity index based on this technique is calculated as: (Ozdemir 2011b; Jaffari et al. 2013; Naghibi et al. 2014 ) 
where FR i is the frequency ratio for a factor and n is the total number of used factors. A detailed mathematical background of this method can be found in Lee et al. (2006) .
Shannon's entropy model
In information theory, entropy is a measure of uncertainty in a random variable (Ihara 1993) . The entropy indicates the extent of the instability, disorder, imbalance, and uncertainty of a system (Yufeng and Fengxiang 2009 ). Shannon entropy is the average unpredictability in a random variable, which is equivalent to its information content. The entropy of groundwater reservoir yield refers to the extent that the various controlling groundwater occurrences influence the groundwater productivity. Several influencing factors give extra entropy into the index system. Therefore, the entropy value can be used to calculate objective weights of the index system (Jaafari et al. 2013) .
The following equations are used to calculate the information coefficient W j (weigh value for each influencing factor): (Bednarik et al. 2010 (Bednarik et al. , 2012 Constantin et al. 2011; Jaafari et al. 2013 )
where FR is the frequency ratio, P ij À Á is the probability density, H j and H jmax refer to entropy values, Sj is the number of classes, I j is the information coefficient, and w j is the resultant weight value for the factor as a whole. The range of w j is between 0 and 1. The final groundwater productivity index is calculated as: (Devkota et al. 2013; Jaafari et al. 2013 )
where y is the sum of all the classes; i is the number of particular factor map; z is the number of classes within factor map with the greatest number of classes; m i is the number of classes within particular factor map; C is the value of the class after secondary classification; and W j is the weight of a factor (Bednarik et al. 2010) Results and discussion
The results of application the two methods were summarized in Table 2 . With respect to the FR results, the FR ratios for first elevation ranges (0-56 m) and (56-99 m) were 1.039 and 1.624, respectively, imply high groundwater productivity for these class ranges. The FR ratio for the other classes was low indicating low probability of groundwater productivity. In the literature, it is accepted that groundwater occurrence decreases as the elevation increases. In case of slope, the FR ratio is [1 for the first slope range (0-3.22°) indicating a high correlation between this slope range and groundwater productivity. It is accepted that as the slope increases, then the runoff increases as well leading to less infiltration (Jaiswal et al. 2003) .
With respect to the study results, the FR decreases as the slope increases, but with the third slope range (6.24-10.67°) it suddenly increases with slope increase and then decreases. To interpret this, it is important to relate this range with other used factors such geology. The aerial extension of this range is mainly associated with the extension of flood deposits. These deposits consist mainly of sand and gravel and having higher values of hydraulic conductivity. The higher values of FR for flood deposits (1.087) support this conclusion. In case of geology, the Quaternary lithological layers have relatively higher values of FR (1.087, 1.662, and 0.741) for flood deposits, alluvium, and inner flood deposits, respectively. The FRs for the rest of the lithological layers were zero indicating the low probability of groundwater occurrence. If we consider the relationship between groundwater potential and soil factor, it can be seen that FRs are high for the A and B soil groups and low for other groups. The higher infiltration rates of these groups support the resultant higher FR values. As the infiltration rate increases the groundwater recharge increases as well leading to more productivity conditions. In the case of transmissivity and storativity factors, the FR values increase as hydraulic characteristics increase indicating high aquifer productivity conditions in the higher values of these factors. For distance to river factor, the highest FR values of 3.103 and 3.258 concentrate on the first two classes (0-1688 m) and (1688-3377 m), respectively. As the distance to river increase, the FR value decreases until it has no effect on groundwater productivity as FR becomes zero up to &6 km. For distance to faults, the highest values of FRs occur on the first fifth classes. Up to 7 km, the FR ratios become zero. This implies the importance of the structural setting on the groundwater occurrence in the study area. The final groundwater productivity index for the study area was calculated using the Eq. 3 and demonstrated in a map in Fig. 12 . The obtained GWPI was classified based on natural break classification scheme into very low, low, moderate, high, and very high classes. The areas covered by each of these classes are summarized in Table 3 in which the high to very high classes extend over an area of 30 % (217 km 2 ). The very low-moderate classes occurred within &70 % (490 km 2 ) of the study area indicating low productivity conditions of the aquifer system.
Results of applying Shannon's entropy model in the study area, Table 2 , revealed that elevation, soil, geology, and slope were the most important factors influencing groundwater productivity conditions in the study area. The weights for these factors were 0.085, 0.073, 0.070, and 0.060, respectively. On the other hand, the other factors (distance to river, transmissivity, distance to faults, and storativity) had a minor effect on groundwater productivity. The calculated weights for these factors were 0.054, 0.035, 0.033, and 0.020 for distance to river, transmissivity, distance to faults, and storativity factors, respectively. The final GWQI map for this model was developed using Eq. 10. The obtained GWPI was also classified into five classes based on natural break classification scheme, Fig. 13 . The area covered by high-very high classes distributed over an area of 31 % (217 km 2 ) consistent with the results of the FR model, Table 3 .
Validation of the results
Any predictive model (deterministic or stochastic) requires validation before it can be used in prediction purposes. Without validation, the model will have no scientific significant (Chung and Fabbri 2003) . In this context, the Receive Operating Characteristic (ROC) curve is usually used for examining the quality of deterministic and probabilistic detection and forecast system (Swets 1988) . In the ROC curve, the sensitivity of the model (the percentage of boreholes pixels correctly predicted by the model) is plotted against 1-specificity (the percentage of predicted boreholes pixel over the total). The area under the curve (AUC) describes the quality of a forecast system through the system's ability to correctly predict the occurrence or non-occurrence of predefined events (Devkota et al. 2013) . The predictive capability of the model is excellent if AUC = 1-9; very good 0.8-0.9; good 0.8-0.7; 0.7-0.6 average; and poor 0.6-0.5 (Yesilnacar 2005) . The AUC was obtained for both the training (success rate) and testing (prediction rate) for both models by using ROC module in IDRISI software, Figs. 14 and 15. The success rate is important to explain how well the resulting GWPI map classified the area of existing borehole locations. The success rate results were obtained by comparing the training borehole locations (47) with the two GWPI maps. The AUC for FR and Shannon's model was 0.874 and 0.844, respectively implying that FR performs better than Shannon's model. On the other hand, the prediction rate used a measure of performance of a predictive rule (Yesilnacar and Topal 2005; Pradhan et al. 2010) . It only used the testing data set to explore the predictive capability of the model. The AUC for prediction rate is shown in Figs. 14 and 15, for both models. The FR model had slightly better predictive capability than Shannon's entropy model where AUC for FR and Shannon's was 0.869 and 0.824, respectively. The prediction accuracy for FR was &87 % while for Shannon's entropy was &82 %. It can be seen that both models were capable to prospect GWPI with very good results, but FR was better in terms of success and prediction rates. This conclusion supports the use of this very simple method to demarcate groundwater productivity zones instead of using more complicated models such as Shannon's entropy model. 
Conclusions
Demarcation of groundwater prospective zones of an area plays an increasingly significant role for sustainable management of groundwater resource across the world. In this study, an effort made to delineate groundwater productivity at northeastern Wasit governorate using probabilistic ratio and Shannon's entropy models. The first one is popular in the analysis of relationship between groundwater reservoir productivity and groundwater occurrence influential factors. Only few number of studies deal with application of the second method in the groundwater studies. In order to prepare the groundwater productivity map by using these two methods, eight factors that are believed to have influence on the groundwater occurrence within the study area were selected and used as the input data. These factors were elevation (m), slope angle (degree), geology, soil, aquifer transmissivity (m 2 /d), specific storage (dimensionless), distance to river (m), and distance to faults (m). The total boreholes used in analysis were 68. 47 boreholes (70 %) were used as training data and the rest 21 (30 %) were used for validation. The two GWPI maps were validated using reservoir operating characteristics curves. The AUC curve for training and testing (success rate and prediction rate) showed that the two models show similar performance. The FR model was slightly better than Shannon's entropy (success rate, 87.4 %; prediction rate, 86.9 % for FR; success rate, 84.4 %; prediction rate, 82.4 % for Shannon's entropy). The final conclusion was that both models were capable to produce groundwater prospective zones with very good accuracy. Results of this study could be helpful for better management of groundwater reserve in the study area and give planners and decision makers an opportunity to prepare appropriate groundwater investment plans.
